Background: Increasing Americans' diet quality will require changes to the food supply. Due to the complex nature of the food system, this is not as straightforward as simply increasing the production of healthy foods and decreasing the production of unhealthy foods. Little is known
Introduction
Americans' diet quality remains low (1, 2) despite routine issuance of dietary guidance (3) (4) (5) (6) (7) (8) (9) (10) . Suboptimal diet is the leading cause of mortality in the US, accounting for >650,000 deaths/y (11) . Only ∼8% of Americans meet daily dietary recommendations for fruits and vegetables, and 60-70% exceed recommendations for empty calories like saturated fat and added sugars (2) .
Some modest improvements have become evident over the past decade, however (1, 2) . Americans have increased their intake of whole grains, whole fruit, dark green vegetables, some red and orange vegetables, and nuts and seeds, and decreased their intake of sugar-sweetened beverages (1, 2). Aune et al. (12) demonstrated that even a 300 g/d increase in fruit and vegetable intake can decrease the risk of all-cause mortality by ∼20%, so these dietary shifts represent a laudable public health achievement. Yet further improvements in diet quality are still needed in order to fully address the high prevalence of nutrition-related chronic disease in this country.
Even small shifts in dietary intake on a population level put pressure on the food system, domestic and international, to meet changing demand (13) . And if these dietary shifts continue, agricultural producers will face even greater pressure to meet changing demand. Yet predicting the agricultural response to changing consumer food preferences is not straightforward. Due to a myriad of complexities in the food system, a change in consumer food demand does not necessarily require a commensurate change in agricultural production. For example, as food flows through the food system, and transitions from being an agricultural commodity to an edible consumer good, it goes through a number of structural modifications that alter its mass, nutritional profile, and end use (14) . Furthermore, because distinct foods with divergent consumer preferences and nutritional profiles are often produced on the same cropland (indeed, different foods are often produced from the same crop), a change in consumer preference for a given food can change the supply of another food (and the associated cropland acreage) in unexpected ways (13, 14) . And, finite cropland limits production of many crops, especially because not all cropland is suitable for the production of all types of crops. Although food imports are essential for minimizing temporal fluctuations in food availability and price (15, 16) , the US is one of the world's leading agricultural economies (17) and produces most of the food that its citizens consume (18, 19) , so shifting food demand in the US would likely have major implications for domestic agricultural output and land use. Yet little is known about the nature and extent of these changes.
Previous research examining land use changes associated with diet shifts has compared food availability data [i.e., USDA Loss-Adjusted Food Availability (LAFA) data series] to hypothetical diets. Buzby et al. (20) estimated that if Americans followed the 2005 Dietary Guidelines for Americans (DGA) for fruit, vegetables, and whole grains, cropland would need to increase by 1.5%. Using a biophysical simulation model, Peters et al. (13) demonstrated that a shift toward a diet pattern (accounting for all major food groups) commensurate with the 2010 DGA would require ∼15% less (37.2 million acres) cropland than the current diet, and could feed 16% more people. To the best of our knowledge, no research has examined potential changes in carrying capacity and agricultural land use in the US associated with incremental shifts toward healthier diet patterns using food intake data from nationally representative dietary surveys of what people actually eat. Furthermore, given that the transition toward healthier diets on a population level would realistically occur over a period of time, there is an important need to understand how projected changes in food intake, crop yields, and population size could affect carrying capacity and land use into the future.
To address these gaps, we model the capacity of the US agricultural system to accommodate incremental shifts toward a healthier diet, and project our estimates to 2030 by accounting for estimated changes in food intake, crop yields, and population size.
Methods

US Foodprint Model
An established biophysical simulation model, known as the US Foodprint Model (13) , was used to estimate the capacity of the US agricultural system to produce enough food to accommodate population-level shifts in diet quality. Several key input parameters of the model were modified to accept projected (to 2030) data: food intake, crop yields, and population size. The model was further modified to produce reliable estimates of population-level variation in food intake using Monte Carlo simulations based on inter-individual variability of food intake from nationally representative dietary surveys.
The US Foodprint Model is a simulation model that represents the US as a closed food system (13) . The primary input parameter is per capita intake of 22 distinct food groups (Figure 1) . Embedded computations utilize additional input data on losses and waste that occur throughout the food system, the conversion of raw agricultural crops into edible food products, crop and grazing yields, livestock feed requirements, suitability of available land for agricultural uses, agricultural land area, and population size. Additional computations account for multi-use crops (i.e., crops that are used to produce multiple products from the same mass) and multi-use cropland (cropland used to produce multiple crops during different parts of the year). Further details can be found elsewhere (13) .
Food intake data
Data on reported food intake for individuals >2 y of age were acquired from the What We Eat In America (WWEIA) survey, the dietary component of the NHANES, for the most recent years available at the time of the study (2011-2012) (21) . WWEIA is administered by the USDA Agricultural Research Service, and NHANES is a program of the US Department of Health and Human Services' CDC. WWEIA is a continuous survey that collects food and nutrition data from a nationally representative sample of ∼5000 individuals annually, published in 2-y waves (22) . Participants complete a 24-h recall (24HR) administered by a trained interviewer (23) , and a subset of the study population completes a subsequent 24HR by telephone. Data from the first 24HR (n = 8389) were used because this represents per capita intake (24) .
WWEIA provides data on food intake as it was reported consumed (e.g., cake), so established supplementary databases were required to convert WWEIA foods into the food groups used by the US Foodprint Model (e.g., grain, egg, sweetener; see Figure 1 ). The Food Patterns Equivalents Database (FPED; 2011-2012) (25) provides food intake data from WWEIA converted into food groups, and those with a categorization scheme that aligned with the food groups in the US Foodprint Model were therefore acquired directly from FPED. For all others, the Food and Nutrient Database for Dietary Studies (FNDDS; 2011-2012) (26) was used to disaggregate WWEIA foods into their component ingredients (e.g., the butter in baked goods) and their units were converted (when necessary) to align with the US Foodprint Model using the Food Patterns Ingredients Database (FPID; 2011-2012) (27) . But unlike FPED, FNDDS and FPID do not provide data on the amount of each food group consumed, only the disaggregation of WWEIA foods into component ingredients (FNDDS) and unit conversions (FPID), so the final step was to multiply these data by the amount consumed as reported in WWEIA.
Data on recent historical (1980-2014) annual availability of foods and food groups were acquired from the USDA LAFA data series (28) . LAFA is maintained by the USDA Economic Research Service (ERS) and provides estimates of the annual per capita availability of food, which is a proxy for food intake. ERS collects data on supply (production, imports, and end-of-year stocks), exports, and losses (portions not harvested, nonedible portions, and uneaten food) of >200 individual foods from a variety of government and nongovernment sources, and remaining data gaps are addressed by statistical imputation (19) . Food availability data are ultimately computed by ERS staff based on the difference between supply and disappearance of individual foods, and the remainder is divided by the US population and adjusted for food losses that occur throughout the food system (19) . LAFA presents food availability data for predefined food groups as well as individual foods, and we recategorized some foods to align with the food group input parameters of the US Foodprint Model (Figure 1 ). Data on per capita availability of food groups (n = 13) were collected for grains, fruit (including juice), fluid milk (including yogurt), cheese (excluding cream cheese), legumes, nuts, beef, pork, chicken, turkey, eggs, sweeteners, and seafood; and data on individual foods (n = 68) were collected and recategorized as green vegetables, red and orange vegetables, starchy vegetables, other vegetables, plant oils, dairy fats, and animal fats-resulting in 20 food groups.
Diet quality assessment
Diet quality for each individual in WWEIA (2011-2012) was assessed using the Healthy Eating Index-2015 (HEI-2015) (29) , which provides a measure of compliance with the 2015-2020 DGA (3). The HEI-2015 includes 13 components, 9 of which assess adequacy (total fruit, whole fruit, total vegetables, greens and beans, whole grains, dairy, total protein foods, seafood and plant proteins, and unsaturated:saturated fats) and 4 of which assess moderation (refined grains, sodium, added sugars, and saturated fats). Each component has its own scoring standards that range from 0-5 or 0-10. All consumption amounts are standardized to 1000 kcal. Moderation components are reverse scored so that ultimately greater scores are favorable for each component. The component scores were summed to compute the overall HEI-2015 score, with a maximum score of 100. Individuals providing dietary data in WWEIA were grouped by quintile of HEI-2015 score, where quintile 1 represents the lowest diet quality and quintile 5 represents the highest diet quality. Mean HEI-2015 scores for each quintile were computed using the population-ratio method (30) .
Crop yield data
Data on recent historical annual crop yields (n = 155) were acquired from USDA Agricultural Surveys, maintained by the National Agricultural Statistics Service (31) . Crop yields represent the harvested weight per acre of land. Data are collected primarily by telephone surveys with producers and by in situ yield measurements in all states for all major crops. Producers are selected based on the size of their operation, with larger producers having a higher likelihood of being selected to participate in the survey. Approximately 65,000-81,000 producers are surveyed for each crop annually (32) .
Projected food intake, crop yields, and population size Data on food intake and crop yields were projected to 2030 using linear and nonlinear (sigmoidal and hyperbolic) regression models. Food groups and crops with insufficient data (<10 data years) were not included in the projection estimates, resulting in 20 food groups and 103 crops for analysis. Data on food intake and yield were plotted against time and visually inspected to initially determine the regression function (linear, sigmoidal, or hyperbolic). Final determination of function was made based on successful convergence of each model's maximum likelihood algorithm. In select cases for which data did not fit a linear or nonlinear function, projected estimates were set to the mean of all observations. LAFA does not measure food intake at the individual level so it lacks data on interindividual variability. To address this limitation, and to account for known differences in dietary data collection programs, projected food group estimates from LAFA were adjusted by the difference from WWEIA intake estimates for each diet quality quintile (Supplemental Figure 1) . Current and projected food intake by HEI-2015 quintile are presented in Supplemental Table 1 , and current and projected crop yields are presented in Supplemental Table 2 . Current (2015) and projected (2030) population estimates were acquired from the US Census Bureau (33) .
Modeling scenarios and statistical analysis
Carrying capacity and land use of the US food system were represented by 6 modeling scenarios and 3 additional sensitivity analyses ( Table 1) . Scenario 1 represented current conditions: no change in diet quality, crop yields, and population size. Scenarios 2a-e represented incremental population-level shifts in diet quality and projected changes in food intake, crop yields, and population size. To examine the sensitivity of the model outputs to the projected data inputs, we conducted 3 sensitivity analyses. Scenario 3a represented projected food intake and current crop yields and population size; Scenario 3b represented current food intake, projected crop yields, and current population size; and Scenario 3c represented current food intake and crop yields, and projected population size.
For each modeling scenario, data are presented as the percentage of the population fed (i.e., carrying capacity) and amount of agricultural land use (acreage) by crop category: all crops, fruits, vegetables, grains, legumes, nuts, feed grains and oilseeds, sweeteners, hay, and pasture. Measures of variation were estimated using Monte Carlo simulations with 1000 draws. Differences between scenarios were tested at P < 0.05 using 2-tailed z tests with Bonferroni adjustment for multiple comparisons (critical P value set to 0.008 for main analyses and 0.017 for sensitivity analyses). Tests for trends across quintiles were conducted using simple linear regressions, with P < 0.05. SAS 9.4 (SAS Institute; Cary, NC) was used to estimate population-ratio HEI-2015 scores using modified code and macros provided by the National Cancer Institute (34). Stata14 (StataCorp; College Station, TX) was used for data management and all other analyses. All analyses were adjusted for the complex sampling design and sample weights of WWEIA data.
Results
The US agricultural system currently produces enough food to feed 136% (95% CI: 129-144%) of its population (Figure 2) . If Americans decreased their diet quality by 2030, estimated carrying capacity would decrease to 112% (103-121%; P < 0.001) under the lower diet quality scenario (HEI-2015 quintile 2; Figure 2 ) and to 119% (113-126%; P < 0.001) under the lowest diet quality scenario (HEI-2015 quintile 1; P < 0.001). No change (P = 0.112) in carrying capacity was observed if the US population adopted a higher quality diet (HEI-2015 quintile 4), but estimated carrying capacity increased to 173% (152-198%) Population-level shift to lower diet quality, and projected crop yields and population size 2c. HEI-2015 quintile 3 Median diet quality, and projected crop yields and population size 2d. HEI-2015 quintile 4 Population-level shift to higher diet quality, and projected crop yields and population size 2e. HEI-2015 quintile 5 Population-level shift to highest diet quality, and projected crop yields and population size 3. Sensitivity analyses 3a. Model 1 Projected food intake, and current crop yields and population size 3b. Model 2 Current food intake, projected crop yields, and current population size 3c. Model 3 Current food intake and crop yields, and projected population size under the highest diet quality scenario (HEI-2015 quintile 5). No linear relation was observed between carrying capacity and diet quality (P = 0.179). Figure 3 displays current and projected cropland acreage by diet quality and crop type. A linear relation was not observed between total cropland acreage and diet quality (P = 0.299; Figure 3A ), although linear relations were observed for individual crop types. Increased diet quality was linearly associated with increased cropland acreage for fruits (P < 0.001; Figure 3B ), vegetables (P = 0.002; Figure 3C ), legumes (P = 0.002; Figure 3D ), and nuts (P = 0.007; Figure 3F) ; and associated with decreased cropland acreage for grains (P = 0.002; Figure 3D ) and sweeteners (P < 0.001; Figure 3H ).
Sensitivity analyses demonstrated that projected food intake had a positive effect on carrying capacity (P < 0.01) and projected population size had a negative effect on carrying capacity (P < 0.01; Supplementary  Figure 2A ); no effect was observed for projected crop yields (P = 0.203). Projected food intake had a negative effect on cropland area (P < 0.01), and no effect was observed for projected crop yields (P = 0.021) and projected population size (P = 0.191; Supplementary Figure 2B) .
Discussion
This is the first study, to the best of our knowledge, to use a biophysical simulation model to investigate the capacity of the US agricultural system to accommodate incremental shifts toward a healthier diet, accounting for projected changes in food intake, crop yields, and population size to 2030. We used a novel approach to project food intake by combining data from several distinct, nationally representative dietary datasets, which allowed for the incorporation of notable advantages unique to each dataset. This study is also the first, to the best of our knowledge, to utilize the HEI-2015, which represents the most upto-date approach for measuring diet quality. We demonstrated that the healthiest diets require less agricultural land than the least healthy diets. However, incremental improvements in diet quality would require substantial changes to the amount of agricultural land used to produce fruits, vegetables, grains, legumes, nuts, and sweeteners.
Peters et al. (13) estimated that a population-wide adoption of an omnivorous diet pattern commensurate with the DGA-2010 would increase the carrying capacity by 16% (from 130% to 151%). In the present study we observed a similar response but of greater magnitude: 27% increase in carrying capacity from the current scenario (136%) to the projected highest diet quality (HEI-2015 quintile 5: 173%). We explored these differences using post hoc model simulations and observed that disparities in the amount of individual food groups used to represent the healthy diet scenarios substantially explained the divergent results. In other words, there is more than one way to eat a healthy diet, with varied implications for food production. This also highlights the important difference between using hypothetical and empirical data to derive diet patterns.
Buzby et al. (20) estimated agricultural land use changes associated with population-wide adoption of DGA-2005 and observed a 117% increase in land area for fruit production, 44% increase in land area for vegetable production, and 23% reduction in land area for grain production. These estimates are moderately different (higher for fruits and vegetables and lower for grains) than in the present study, likely due to several key differences in methodology. Unlike the approach used by Buzby et al., the US Foodprint Model, used in the present study, accounts for agricultural land area that was used for dual cropping purposes, where multiple crops may be grown on the same land parcel during different parts of the year. Additionally, in order to reflect actual farm management decisions, the US Foodprint Model restricts crop production on lands used for grazing due to inherent differences in soil suitability that would prevent adequate crop yields on grazing land (13) .
The US agricultural system exceeds the capacity to accommodate shifts toward a healthier diet. Indeed, from a biological perspective, a greater proportion of the population can be fed a high-quality diet than a low-quality diet. This is largely explained by lower consumption of beef (and therefore less land area being required for hay and other livestock feed) among those with the healthiest diets (quintile 5). However, high consumption of beef does not necessarily imply a low-quality diet, just a larger agricultural land requirement; indeed, we observed relatively high beef consumption among individuals in quintile 4.
On a biological basis, the present analyses demonstrate that major shifts in cropland use would be needed to accommodate even incremental shifts in diet quality, which would require increasing the acreage of fruits, vegetables, legumes, and nuts, and decreasing the acreage of grains and sweeteners. Yet successfully transitioning cropland on a major scale would depend on changes to several key nonbiophysical properties of the food system, namely availability of farm labor, farmer expertise, and supply chain infrastructure.
Given the aging farm population and declining number of younger individuals entering the farm sector (35) , greater efforts will be needed to encourage younger people to become farmers and to adopt production of specialty crops like fruits, vegetables, and nuts. This may be challenging for beginning farmers who lack the prior knowledge and specialized machinery needed to successfully cultivate specialty crops. This will also be challenging for existing farmers whose knowledge and farm infrastructure are geared toward production of field crops like grains, oilseeds, and forages, which have a production structure very distinct from specialty crops; this may limit willingness to transition. Successful production of specialty crops requires specialized knowledge, planning, and management, and the time needed to develop this knowledge and implement these practices could be a barrier to adoption for some producers (36) . Many of these crops require specialized equipment for planting and harvesting that cannot be repurposed for other crops, and capital investment is high. Uncertainty, risk, and market volatility are prominent features of specialty crop production because of the highly perishable and seasonal nature of these crops (15, 37) , which could further dissuade potential farmers. Assistance for new farmers, like the Beginning Farmer and Rancher Development Program (38) , will continue to be important to adapting to future food needs. Indeed, a greater proportion of beginning farmers are producing specialty crops compared to established farmers (39) , with favorable implications for future production of these crops. Ease of entry into the agricultural sector for beginning farmers will be just as important as ease of movement across the agricultural sector for existing farmers.
Large-scale shifts in food supply (production) and demand (consumption) would also require changes in the food supply chain. Many individual foods, particularly fruits and vegetables, flow through a highly complex and specialized supply chain network comprised of distinct entities (e.g., packinghouses, third-party certifiers, storage facilities, distributors, marketers, brokers, shippers, processors, wholesalers, and retailers); and coordination across these enterprises can be challenging because of the diversity of the handling requirements and market demands of different foods (37, 40, 41) . Furthermore, these entities are often co-located with agricultural production centers (37) , and the difficulties associated with relocating or replicating this infrastructure can limit the ability of food supply chains to accommodate increased supply and demand for certain foods. Several important federal programs have been implemented to address potential changes in producer demographics, cropland usage, and supply chain networks (38, 42) , and these may rise in importance if Americans improve their diet quality. Developments in regional supply chains may also play a role in aligning food supply chains with food demand. For example, organizations that manage the logistics and marketing of regional food supply chains (i.e., food hubs) are growing in number, and food hub operators report opportunities for expansion (43) .
The HEI-2015 is the most up-to-date measure of diet quality. Prospective cohort studies have demonstrated consistent relations between higher diet quality scores and lower risk of chronic disease in multiple US populations using the previous iteration, the HEI-2010 (44-46) , so we are confident that diet quality has been effectively measured using the best tools currently available. We also incorporated >30 y of data on crop yields for >100 individual crops, representing all of the major agricultural land use categories (grains, fruits, vegetables, oilseeds, forages, and pasture), and projected our estimates to 2030 using linear and nonlinear regression models. Finally, to account for the numerous intricacies of the US food system, all data were inputted into an established biophysical simulation model that incorporated the complex interactions between the agricultural and consumer sectors as food moves from being agricultural commodities to mixed dishes consumed by millions of individuals in their homes and at restaurants.
Several limitations of this study warrant mention. The modeling approach used in this study does not explicitly account for food imports or exports, which does not reflect the globalized nature of the actual agricultural market. Yet for the purposes of this study this was a necessary model constraint because, from a biophysical perspective, carrying capacity represents the ability of a fixed geopolitical locale to support its human population based on its own resources. Although limitations on carrying capacity can be overcome with international trade, not all countries can exceed these limits simultaneously, given the planet's finite resources. Additionally, food intake projections were computed at the food level rather than at the person level, such that the model accounted for individuals changing their food intake over time but not moving across diet quality quintiles. This was a necessary constraint imposed by lack of data availability.
The carrying capacity of the US food system is influenced by several factors not accounted for in this analysis due to limited data availability. The amount of agricultural land available for cultivation has decreased by nearly 9% (39 million acres) since 1982 (47), including 14 million acres of prime farmland (48) ; and future reductions in cropland availability will likely further constrain carrying capacity by 2030. Additionally, the viability of US agriculture is made more uncertain by climate change projections that include reduced water availability and pesticide efficacy, which are expected to disrupt crop yield and quality, and may therefore influence compensatory agricultural amendment intensities (49) . This is particularly important for specialty crops like fruits, vegetables, and tree nuts, which require relatively intensive applications of irrigation water and other amendments. Altered precipitation patterns are also expected, with some areas more prone to runoff and leaching of agricultural chemicals, which may further reduce productivity in these areas (49) .
Further research is needed to examine the benefits (e.g., increased food production) and costs (e.g., carbon emissions) associated with cultivating additional land, perhaps as a yield index that measures the amount of additional food production gained per unit of additional land cultivated. Further research is also needed to better understand how reductions in food waste can increase the amount of food available to consumers and reduce the amount of land that is used to grow uneaten food.
This study used an established biophysical simulation model, combined with projected data on food intake, crop yields, and population size, to investigate the capacity of the US food system to accommodate population-wide incremental shifts toward a healthier diet by 2030. This approach accounted for the vast complexities of the US food system by modeling the numerous interactions between the agricultural and consumer sectors. We observed that the US food system exceeds the capacity to increase the diet quality of all Americans currently and into the future, and that a greater proportion of the population can be fed a highquality diet than a low-quality diet. Yet, importantly, even incremental shifts in diet quality would require major transitions in cropland use, toward increased production of fruits, vegetables, legumes, and nuts. The success of this transition is dependent on several factors, like individuals' ease of entry into the agricultural sector, and producers' ability to shift production to other crops. The food supply chain would need to overcome inherent challenges to adapt to shifting food supply and demand. And this transition may be at the expense of cropland used to produce grains and sweeteners, unless additional land was brought into production. Yet a comprehensive assessment of the benefits and costs of cultivating such land is not well understood, representing an area of further research need. Additional research is also needed to better understand how reductions in food waste can increase the amount of food available to consumers and reduce the amount of land that is used to grow uneaten food.
